Abstract The transcription factor signal transducer and activator of transcription 3 (STAT3) is a critical regulator of multiple, diverse cellular processes. Heterozgyous, germline, lossof-function mutations in STAT3 lead to the primary immune deficiency Hyper-IgE syndrome. Heterozygous, somatic, gain-of-function mutations in STAT3 have been reported in malignancy. Recently, germline, heterozygous mutations in STAT3 that confer a gain-of-function have been discovered and result in early-onset, multi-organ autoimmunity. This review summarizes what is known about the role of STAT3 in human disease.
Introduction
Since its initial discovery in 1994 [1] , signal transducer and activator of transcription 3 (STAT3) has been recognized as a transcription factor critical for numerous essential and very diverse cellular processes [2] . The focus of this brief review is the role of STAT3 in the setting of human disease as has been revealed by patients discovered to have mutations in STAT3 as the genetic basis for immunodeficiency, malignancy and autoimmunity [3] [4] [5] [6] [7] [8] . An understanding of this pleotropic molecule is required for appreciation of the phenotypes of these rare disorders.
STAT3
STAT3 belongs to a 7-member family of transcription factors (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6) responsible for transmitting diverse cytokine signals from the cellular membrane to the nucleus to alter gene expression [9] . STAT3 is composed of 24 exons located on chromosome 17q21, and STAT3 is highly conserved across species, with only one amino acid difference between mouse and human [10, 11] . The major isoform of human STAT3, STAT3α, is a 770 amino acid, 92 kDa protein containing 6 domains ( Fig. 1) [12] . The STAT3β isoform is formed by use of an alternative splice acceptor site in exon 23, leading to replacement of the terminal 55 amino acids of STAT3α with a 7 amino acid sequence unique to STAT3β [13, 14] . STAT3β activation results in distinct gene expression profiles [12, 15] ; less is known about the other STAT3 isoforms [16, 17] .
In the classic STAT signaling pathway, after a cytokine binds to its receptor, one of 4 receptor associated kinases of the Janus kinase (JAK) family (JAK1, JAK2, JAK3 or Tyk2) becomes activated and phosphorylates the cytokine receptor, Up to 1.0 AMA PRA Category 1 Credit™ of Continuing Medical Education Credit can now be obtained by reading this review article and completing all activity components by visiting the Clinical Immunology Society web site at http://www.clinimmsoc.org/education/ continuing-medical-education/e-learning-tools/journal-cme leading to recruitment of STAT molecules to the activated receptor [9] . Receptor-associated STAT molecules are then phosphorylated on a tyrosine residue in the transactivation domain, allowing them to dimerize, and subsequently translocate to the nucleus to alter gene expression [9] . Despite recognition of this fundamental pathway, the exact manner in which more than 60 cytokines are able to exert unique cellular effects using combinations of only 4 JAKs and 7 STATs is still an area of active investigation [18] .
Activation of STAT3 has been demonstrated downstream of numerous cytokines through multiple receptor types including the gp130 family of cytokine receptors (such as IL-6, the classic activator of STAT3), γ chain cytokine receptors, type I and II interferon receptors, the IL-10 family receptors, the IL-12 and IL-23 family receptors as well as receptor tyrosine kinases like the epidermal growth factor receptor [18, 19] . After activation and translocation to the nucleus, STAT3 classically binds the canonical sequence CCT(N) 3 GAA to activate or repress gene transcription [20] . Some specificity of the activation of STAT3 downstream of multiple stimuli is likely imparted through cell type-specific features; however, growing evidence suggests additional specificity results from non-classical functions of STAT3.
Potential non-classical roles for STAT3 have recently been thoroughly reviewed [18] . They include binding to noncanonical motifs, induction of non-coding transcripts or micro RNAs, neutral binding without transcript induction, formation [6-8, 36, 39, 48, 52, 53, 60-63, 71, 72, 99-103] . Lossof-function (LOF) mutations found in Hyper-IgE syndrome are indicated in green, those germline mutations reported in STAT3 gain-of-function (GOF) are indicated in black, and the somatic, GOF mutations reported in malignancy, including LGL leukemia, are reported in blue. Malignancyassociated, somatic GOF mutations are clustered in the SH2 domain, whereas germline, GOF mutations are found throughout the protein.
Most LOF mutations cluster in the DBD (42 %) and SH2 domain (40 %) , where the highest number of unique LOF mutations are also found in the SH2 domain hot spot. The highest frequency LOF mutations representing the most patients are R382Q/W and V637M [39] . The intronic mutations surrounding exon 12 in the DBD (at c.1110 and c.1139) lead to a deletion of this short exon, D371_G380. The TA domain mutation c.2101+2332_oSTAT3:c.2257+772del3933bp leads to the loss of exons 22 and 23, which are replaced with only a lysine residue of higher ordered signaling complexes, such as STAT tetramers, which may participate in multi-protein, enhancerbinding complexes, and contributions to epigenetic remodeling. Additional roles for unphosphorylated STAT3, as well as contributions of serine phosphorylation at residue 727 and other post-translational modifications such as acetylation are also recognized [18, 21, 22] . Further specificity is likely provided by variation in the intensity and duration of cytokine stimuli, as STAT3 is known to shuttle back to the cytoplasm after dephosphorylation in the nucleus [18] . STAT3 activation is also negatively regulated by several separate mechanisms including upregulation of suppressor of cytokine signaling 3 (SOCS3) and protein inhibitor of activated STAT3 (PIAS3) [23] . Another layer of complexity may be due to the activity of STAT3 in non-classical cellular compartments such as the mitochondria [24] .
Roles of STAT3 Revealed by Murine Models
Cytokine activation of STAT3 ultimately leads to many complex, and at times contradictory, pathways including proliferation, differentiation, migration, inflammation and apoptosis [25] . The importance of STAT3 was clearly revealed by the finding that germline deletion of STAT3 in mice results in an early embryonic lethality [26] ; the only STAT molecule which is embryonic lethal.
Cell-specific knock-out mice have furthered the understanding of STAT3 within the hematopoietic system, in particular demonstrating the role for STAT3 in CD4+ T cell differentiation. STAT3 plays a critical part in the development of IL-17 producing CD4+ T cells (Th17 cells) by regulating transcription of the genes encoding IL-17A, IL-17F and the Th17 lineage transcription factors RORγt and RORα [27] . STAT3 can simultaneously inhibit the development of induced CD4+ T regulatory cells (iTregs) by inhibiting their lineage specific transcription factor FOXP3 [28] . An additional role for STAT3 in the formation of T follicular helper (Tfh) cells has also been shown, with impaired B cell differentiation and humoral immunity in the absence of STAT3 in Tfh cells [28] .
Conditional deletion of STAT3 from B cells, CD8+ T cells, macrophages/ neutrophils and natural killer (NK) cells has also shown a role for STAT3 in T cell-dependent antibody production, memory T cell development, regulation of granulocytes (through IL-10 signaling) and inhibition of NK cell anti-tumor responses [27] [28] [29] [30] [31] [32] . Studies in cells from humans with impaired, but not absent, STAT3 function generally support these conclusions from mouse models, as described here.
Germline STAT3 Loss-of-Function: Hyper-IgE Syndrome
History
The triad of eczematoid dermatitis with recurrent skin and pulmonary infections that we now recognize to be autosomal dominant Hyper-IgE syndrome (AD-HIES) was first described as Job's syndrome in 1966, in reference to the biblical character afflicted with cutaneous boils [33] . The recognition of highly elevated levels of IgE in these patients followed in 1972 [34] . A more contemporary representation of the triad of AD-HIES is: eczematoid dermatitis, recurrent skin and sinopulmonary infections with highly elevated IgE. It was not until 2007 that germline, dominant-negative, heterozygous mutations in STAT3 causing a loss-of-function were discovered to be the genetic basis of AD-HIES [3, 4] .
Clinical Features
The incidence of AD-HIES has been estimated at 1:100,000 with no gender bias [10, 35] . The presenting symptom in most patients is a neonatal rash [36] , but patients are regularly diagnosed in adulthood. The mean age of diagnosis in one large cohort was 6.8 years with a range of 0-50 years [36] ; survival to age 50 years was 93 % in this cohort.
The major features of AD-HIES (representing 214 patients in 5 large cohorts) are represented in Table 1 along with their incidence [35] [36] [37] [38] [39] . Virtually every patient experiences eczematoid dermatitis, with skin infections. These are typically caused by Staphylococcus aureus and are classically non-inflammatory Bcold^ab-scesses. Most patients also have recurrent (>3 lifetime episodes) pneumonia, most often caused by Staphylococcus aureus or Streptococcus pneumoniae. This can lead to the development of chronic lung disease with pneumatoceles and bronchiectasis and increased risk of Aspergillus and Pseudomonas pneumonias [36] . One of the more defining infectious features of AD-HIES is chronic mucocutaneous candidiasis (CMC), usually from Candida albicans. Patients with AD-HIES are also recognized to have impaired control of chronic herpes viruses [40] . The bacterial infections experienced in AD-HIES can be severe, but, like the Candida infections, are largely restricted to mucosal surfaces.
Most AD-HIES patients develop a characteristic facies with age, including increased interalar distance, prominent forehead and coarse skin. Other features frequently reported in association with AD-HIES include retained deciduous teeth, scoliosis, joint hyperextensibility, vascular malformations [41] and increased non-traumatic fractures. Non-immune features are included in Table 1 . There also seems to be an increased incidence of lymphoma in AD-HIES [36] [37] [38] [39] 42] , mainly non-Hodgkin lymphoma. Unlike other patients with marked IgE elevation, patients with AD-HIES do not appear to have an increased incidence of food allergy and are protected from anaphylaxis [43, 44] . While there is variability in the clinical phenotypes noted between AD-HIES patients, even those who carry the same mutation [36, 45] , the overall phenotype does not vary remarkably.
Laboratory and Immunologic Features
The most prominent laboratory feature of AD-HIES is elevated serum IgE (>2000 IU/mL) in nearly all patients, although IgE levels can decrease over time [43] . Eosinophilia, both peripherally and in tissues, is also common. These laboratory features can be used with certain clinical features to assign a patient suspected of AD-HIES a score in the National Institutes of Health (NIH) scoring system [46] , which can aid in diagnosis or raise sufficient suspicion to warrant STAT3 sequencing. Patients with scores >40 are likely to have AD-HIES; in most large cohorts of AD-HIES patients 77-96 % have NIH scores >40 [36] [37] [38] [39] .
AD-HIES patients typically have normal basic peripheral blood cell counts and basal IgG levels [28, 36] . However, further investigations into the specific cellular phenotypes of patients with AD-HIES have revealed a number of defects. The most notable of these is decreased, and often absent, numbers of Th17 cells [47] [48] [49] , a finding which is consistent with the knowledge that Th17 cells are generated from naive CD4+ precursors in the presence of stimulation from multiple cytokines that signal through STAT3 such as IL-6, IL-21 and IL-23 (reviewed in [50] ). This deficiency is thought to drive several prominent aspects of immunodeficiency in AD-HIES patients, particularly the CMC [27] . However, AD-HIES patients chimeric for STAT3 mutations [51] have Th17 cells but still had CMC. Therefore, STAT3 may also serve an important host defense role in mucosal surfaces by transducing signals from IL-22 that promote the expression of anti-microbial peptides such as human beta defensin 2 and CC-chemokine ligand 20 [10, 43, 51] .
The second major immunologic phenotype in AD-HIES is decreased T cell-dependent, antigen-specific antibody responses [28] . This finding appears due, at least in part, to a B cell-intrinsic defect that leads to decreased production of CD27+ memory B cells and plasma cells [28, 52, 53] , although the memory B cells which are produced function normally [54] . Other reports have demonstrated decreased Tfh cells in AD-HIES [55] , further impairing humoral immunity. Additional cell lineages reported to be abnormal in AD-HIES patients include central memory T cells [40, 56] , mucosalassociated invariant T cells and NKT cells [57] and dendritic cells [58] , but γδ T cell numbers are normal [57] .
A recent report described the generation of a mouse model of AD-HIES that recapitulated several aspects of human AD-HIES including elevated IgE, low Th17 cells [59] , and resistance to anaphylaxis [44] .
Genetics
Although there is autosomal dominant transmission of the STAT3 mutations in AD-HIES, most patients have de novo mutations and only 6 % of patients have a family history [38] . To date, 89 different mutations in STAT3 have been described in AD-HIES (Fig. 1) , most of which are missense mutations [36, 39, 48, 52, 53, [60] [61] [62] [63] . Unfortunately, no genotype-phenotype correlations have been established in AD-HIES [38, 39, 64] , although some have suggested that the non-immune features of AD-HIES are enriched in patients with SH2 domain mutations [43] . 
Treatment
Most patients (90 %) with AD-HIES are placed on prophylactic antibiotics in an attempt to avoid infection [36] . Approximately half of patients receive anti-fungal prophylaxis, this seems most appropriate for patients with chronic lung disease [36, 43] . Intravenous immunoglobulin treatment is used in about 50 % of patients [36] , and is typically reserved for those with low immunoglobulin levels and/or decreased specific immunity [43] . Proper skin care is also an important supportive measure [43] . Use of immunosuppressive medications in AD-HIES has been reported but is not typically employed [45] . Bone marrow transplantation has been performed with mixed results and has thus far not been aggressively pursued for AD-HIES [65] [66] [67] [68] [69] .
Somatic STAT3 Gain-of-Function
Five years following the reports of germline, loss-of-function mutations in STAT3 as the cause of AD-HIES it was revealed that heterozygous, somatic mutations in STAT3 leading to a gain-of-function were responsible for a major percentage (70 %) of large granular lymphocytic (LGL) leukemias [5, 70] . LGL leukemias, derived from aberrant cytolytic lymphocytes, are indolent lymphoproliferative disorders of older patients (mean age 60) that account for 2-5 % of chronic, lymphoproliferative disease [71] . Tumor-related STAT3 mutations cluster in the SH2 domain ( Fig. 1 ) and lead to constitutive phosphorylation and upregulation of transcriptional activity [5, 71] . The increase in STAT3 signaling resulting from the gain-of-function mutations is suspected to lead to cellular resistance to Fas-mediated apoptosis and lack of contraction following antigenic exposure [71] .
While over-activation of STAT3, including constitutive phosphorylation, is a common feature of many malignancies, this is thought to be driven by abnormalities in upstream mediators such as receptor kinases [20] . Very few tumors, either hematologic or solid organ, have been reported to carry STAT3 mutations outside of LGL leukemia (0.07 %) [71] . A notable exception is inflammatory hepatocellular adenomas, which also carry activating mutations in other components of the IL-6 signaling pathway [72] . In addition, LGL leukemias frequently arise in the context of bone marrow failure in patients with aplastic anemia (AA) or myelodysplastic syndrome (MDS), and similar somatic STAT3 gain-of-function mutations have also been noted in increased frequencies in both AA and MDS [73] .
Of interest, patients with LGL leukemia, AA and MDS have an increased risk of concurrent autoimmune disorders, particularly cytopenias and rheumatoid arthritis (RA) [71] . Gain-of-function, somatic STAT3 mutations were more likely to be present in LGL leukemia patients with concurrent RA (26 versus 6 %) and are suspected to drive the autoimmune phenotype in addition to the lymphoproliferation [5] .
Germline STAT3 Gain-of-Function
In the last year, three groups, including ours, have described a total of 19 patients with heterozygous, germline, STAT3 gainof-function (GOF) mutations initially discovered after examining variants in exome data generated from unique patients with early-onset and severe multi-organ autoimmunity [6] [7] [8] . STAT3 GOF patients have features of other single-gene immune dysregulation disorders including autoimmune lymphoproliferative syndrome (ALPS), immunodeficiency polyendocrinopathy enteropathy x-linked (IPEX) and IPEXlike disorders, and STAT5b-deficiency [74, 75] . Given the diversity of the autoimmune phenotypes described in these initial patients, we suspect many additional patients with early-onset autoimmunity will be found to harbor STAT3 GOF mutations; and we have already confirmed novel STAT3 GOF mutations in several additional patients (unpublished observation).
STAT3 GOF patients developed symptoms at an average of 4.6 years of age (range 0-17 years). Hematologic autoimmunity is the most predominant feature, followed by lymphoproliferation (Table 2) . Patients typically had more than one autoimmune disorder including enteritis, type I diabetes, thyroid disease, arthritis, lymphocytic interstitial pneumonia, hepatitis, and skin disease. Post-natal short stature is also a prominent feature of STAT3 GOF.
The immune dysregulation in STAT3 GOF leads to recurrent and/or severe infections in addition to autoimmunity, in particular respiratory infections. However, recognition of any specific pathogen susceptibility in STAT3 GOF patients awaits additional reports. Despite the presence of somatic, STAT3 gain-of-function mutations in malignancy as described above, only two patients have been reported with malignancy [7, 8] ; one adult patient had Hodgkin lymphoma and one patient developed LGL leukemia at the age of 14. As these patients are mostly young children, it is possible that the incidence of LGL leukemia or other malignancy associated with STAT3 GOF will increase with time. Additional isolated features are present in one or two patients including uveitis, thrombosis and mycobacterial infection. Estimation of the true incidence of these findings in STAT3 GOF will require data from additional patients.
Lymphopenia and hypogammaglobulinemia are common in patients with STAT3 GOF, and eosinopenia was noted in three patients [8] . Some patients are seropositive for antibodies associated with autoimmune disease, such as anti-thyroid peroxidase antibodies, but overall autoantibody production does not appear to be a predominant feature of STAT3 GOF. Elevated double-negative T cells were found in some patients. A subset of three patients [8] had extensive immune phenotyping suggesting decreased, class-switched memory B cells, decreased numbers of plasmacytoid dendritic cells and decreased NK cell numbers with normal per cell function.
These initial studies in STAT3 GOF patients have been limited by the availability of patient samples and the concomitant use of immunosuppressives that alter lymphocyte function and development. However, STAT3 GOF patients appear to have decreased numbers of circulating FOXP3+ Treg cells with decreased intensity of CD25 and FOXP3, and impaired functional suppressive capacity [8] . This likely results, at least in part, from the role of STAT3 in the development and function of iTregs [76, 77] . We also observed decreased phosphorylation of STAT5 in cells from patients with STAT3 GOF, which could also contribute to Treg defects due to impaired IL-2 signaling [7, 78] .
The numbers of peripheral blood Th17 cells in STAT3 GOF patients ranged from highly elevated (Patient 1 in [7] ), to normal, to decreased [8] . In addition to being important for anti-fungal immunity, Th17 cells are also implicated in the development of autoimmunity [50] . Further, subsets of Th17 cells are beginning to be appreciated [50] , along with the recognition of a certain degree of plasticity in the continuum between the existence of Tregs and Th17 cells [79, 80] . Therefore, while these preliminary analyses of STAT3 GOF patients did not demonstrate consistently elevated IL-17 production by peripheral blood T cells, it remains to be seen if future analyses can detect increased dysregulation of the Th17 axis.
The 19 reported STAT3 GOF patients collectively represent 13 different STAT3 GOF mutations, most of which were novel (one was previously described in liver cancer and another in LGL leukemia). These mutants were, for the large part, de novo, but found to be inherited in two families [7] . Unlike the somatic STAT3 gain-of-function mutations in LGL leukemias, germline STAT3 GOF mutations were located throughout the molecule (Fig. 1) .
Unlike AD-HIES, patients with STAT3 GOF mutations had markedly variable phenotypes, including two asymptomatic carriers of STAT3 GOF mutations [7] . However, among these initial STAT3 GOF patients, the p.T716M mutation was present in 4 patients (including one father/son duo), and was associated with small bowel enteropathy in all patients with this mutation. It remains to be seen if this genotype-phenotype correlation holds up with future reports. Furthermore, STAT3 polymorphisms have been reported in association with a number of autoimmune diseases such as psoriasis, ankylosing spondylitis, rheumatoid arthritis and Crohn's disease [81] [82] [83] [84] . It is intriguing to speculate that these variants may somehow confer hyperactivation and predisposition to autoimmunity.
The autoimmune manifestations of STAT3 GOF patients were treated with a collection of immunosuppressants. After discovery of his STAT3 GOF mutation, one patient was treated with targeted therapy using anti-IL-6 receptor antibody treatment (tocilizumab) [7] , which has been approved for juvenile arthritis [85] . Despite failing multiple prior treatments, remarkable improvement in his arthritis and scleroderma-like skin changes were noted after initiation of tocilizumab, as well as the ability to wean his chronic prednisone dose. Two other STAT3 GOF patients underwent bone marrow transplantation, one died of disseminated adenoviral infection and graftversus-host-disease but the other patient had a successful transplant with resolution of her autoimmunity [7] . The orally available JAK inhibitor tofacitinib is approved for treatment of adults with RA [86, 87] . Use of tofacitinib has not yet been reported as treatment in STAT3 GOF, but remains an enticing possibility.
The Mechanism of STAT3 in Human Disease
In addition to STAT3, human disease has been reported to result from mutations in 4 of the other 6 STAT molecules [88] [89] [90] [91] [92] [93] [94] [95] . References [6] [7] [8] Defects in STAT1 and STAT5 also lead to immune dysregulation and immunodeficiency, and overlap in clinical phenotype with AD-HIES and STAT3 GOF patients. Heterozygous STAT1 LOF leads to susceptibility to mycobacterial disease [88] , as has been reported in one STAT3 GOF patient [8] . Complete STAT1-deficiency further predisposes to the development of lethal viral infections [89] . Like AD-HIES, STAT1 GOF is a genetic cause of CMC with low Th17 cells [91, 92, 96] . However, a subset of STAT1 GOF patients also has IPEXlike autoimmune disease with impaired Tregs which phenocopies STAT3 GOF. Patients with STAT5b LOF have profoundly short stature and decreased Tregs, and are further similar to STAT3 GOF patients due to recurrent infections and increased rates of autoimmunity, in particular lung disease [94] . Given their overlapping cytokine response profiles, similar DNA binding motifs and intersecting negative feedback loops it follows that an increase or decrease in the activation status of one STAT molecule can lead to alterations in others, ultimately resulting in similar functional outcomes [2, 18, 23] . Indeed, we observed impaired STAT1 and STAT5 phosphorylation in cells from STAT3 GOF patients, which may explain some of the similarities among these syndromes [7] . By contrast, both STAT1 and STAT3 are hyperphosphorylated in the context of STAT5b LOF [94] , while STAT3 phosphorylation appears unaffected in STAT1 GOF [92] .
Only limited details regarding mechanisms behind the pathophysiology of STAT dysregulation in human disease are reported. Poor phosphorylation of STAT3 has been shown in some AD-HIES SH2 domain mutants, along with decreased DNA binding of both DBD and SH2 domain mutants [97] . Somatic STAT3 GOF mutations are associated with baseline hyperphosphorylation [5] . Germline STAT3 GOF mutations do not appear to confer constitutive phosphorylation, although delayed dephosphorylation was demonstrated in cells from one patient [7] . In STAT1 GOF both hyperphosphorylation and delayed dephosphorylation has been demonstrated [98] . The GOF in STAT1 has been shown to be dominant, as transcriptional activity was not decreased by cotransfection of wild-type STAT1 [98] . Conversely, cotransfection of wild-type and GOF STAT3 leads to a reduction in transcriptional activity of the mutant by approximately 50 % (T.P.V. and M.A.C., unpublished observation), suggesting a dose-dependent effect.
Further elucidation of the mechanisms of these mutations will hopefully shed light on how STAT dysregulation syndromes can have overlapping phenotypes, as well as how the same or adjacent amino acids in STAT3 can be mutated into both a gain-and loss-of-function (Fig. 1) . Generation of additional STAT knock-in mouse models will be invaluable for these studies.
Conclusions
The recent reports of patients with germline STAT3 GOF mutations have both combined and contrasted with our knowledge of germline STAT3 loss-of-function mutations in AD-HIES to provide a more complete picture of the role of STAT3 in human disease. Further understanding of the mechanisms behind the gain-and loss-of-function in these mutations is needed, as it may be possible to apply this new understanding to the targeted treatment of conditions ranging from immune deficiency to malignancy to autoimmunity. As has now been identified for both STAT1 and STAT3, it is tantalizing to anticipate that the broad application of next generation sequencing in rare patients with immune dysregulation uncharacterizable by standard assessments may identify additional gain/loss-of-function dyads in human disease.
